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Species distribution modellingThe glacial–interglacial climate cycles of the Pleistocene played a signiﬁcant role in dramatically altering species
distributions across the globe. However, the climate of the Greater Cape Floristic Region is thought to have been
decoupled from global ﬂuctuations and the current Mediterranean climate remained relatively buffered during
this period. Here we explore the roles of climate stability and the topographic complexity of the region on the
range history of an endemic Little Karoo plant, Berkheya cuneata, using ensemble species distribution modelling
andmulti-locus phylogeography. The species distributionmodels projected onto downscaled climate simulation
of the Last Glacial Maximumdemonstrated a considerable range contraction and fragmentation into the western
and eastern Little Karoo, separated by the Rooiberg inselberg. This population fragmentation is mirrored in the
phylogeographic structuring of both chloroplast and nuclear DNA. These results suggest that sufﬁcient climatic
buffering coupled with regionally complex topography ensured the localised population persistence during
Pleistocene climate cycles but these features have also promoted population vicariance in this, and likely other,
Little Karoo lowland species.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
The Greater Cape Floristic Region (GCFR, Born et al., 2007) consists of
the Fynbos and Succulent Karoo biomes, both of which are globally
recognised for their unusually high levels of plant diversity andendemism
(Goldblatt and Manning, 2002; Linder, 2003) and are considered biodi-
versity hotspots (Myers et al., 2000). This diversity is suggested to have
arisen, in part, due to exceptional climatic stability during the Pleistocene
(Cowling, 1992; Cowling and Lombard, 2002; Cowling et al., 2009;
Dynesius and Jansson, 2000; Hopper, 2009). Pleistocene climate cycled
between glacial and interglacial states and this had global impacts on
the size, distribution, and local extinctions of species' ranges (Hewitt,
2000; Jansson and Dynesius, 2002). However, the climate of the south-
western Capewas decoupled from the global Pleistocene climate ﬂuctua-
tions, and the current rainfall regime (winter-wet and summer-arid) is
suggested to have remained relatively buffered during this period
(Chase, 2010; Chase and Meadows, 2007; Dynesius and Jansson, 2000;
Meadows and Sugden, 1993). This localised climatic stability would
weaken the effects of orbital-forcing on species' range dynamics andandelaMetropolitan University,
y Elsevier B.V. All rights reserved.thus reduced species and population extinction rates (Dynesius and
Jansson, 2000).
In this study we investigate the role of Pleistocene climate on the
range dynamics within the GCFR using species distribution modelling
(SDM) and phylogeography (sensu Hugall et al., 2002; Svenning et al.,
2011). Species distribution modelling can predict ranges under current
and altered climate conditions (Franklin, 2010). We project the SDM
onto modelled and downscaled climatic conditions of the Last Glacial
Maximum; this period represents a glacial extreme of the Pleistocene
cycles where global ice volumes were at their maximum. We then
compare these predictions with phylogeographic patterns as range dy-
namics leave genetic imprints on species (Avise, 2000; Waltari et al.,
2007). Species distribution modelling and phylogeographic analyses
may therefore help to understand the role of climatic factors in promot-
ing differentiation (e.g. Hugall et al., 2002) and, ultimately, speciation
within the GCFR ﬂora.
Our focus is on Berkheya cuneata (Thunb.)Willd. (Fabaceae), a plant
species that is endemic to the Little Karoo sub-region of the eastern
GCFR. The Little Karoo is a dry intermontane valley within the Cape
Fold Belt of the Western Cape, South Africa (Fig. 1). The region is com-
plex, both in terms of topography and climate (Vlok and Schutte-Vlok,
2010; further details below). Our results suggest that sufﬁcient climatic
buffering coupled with regionally complex topography ensured local-
ised population persistence during Pleistocene climate cycles and that
402 A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413these have played key roles in promoting population vicariance in
B. cuneata.
2. Materials and methods
2.1. Study area and species
The Little Karoo lies between the western winter and eastern sum-
mer rainfall regimes and this gives rise to an aseasonal regime that
experiences year-round rainfall (Fig. 1A). This sub-region is separated
from the more mesic winter-rainfall coastal region of the GCFR by the
Langeberg and Outeniqua mountains to the south, and from the more
arid and largely summer-rainfall Great Karoo by the Witteberg and
Swartberg ranges to the north. These mountains have a large inﬂuence
on the climate in the Little Karoo, especially the southern mountain
ranges which block winter-rainfall frontal systems from the Atlantic
and moist rain-bearing air from the Indian Ocean (Fig. 1B, Vlok et al.,
2005). A number of inselbergs rise up from the valley ﬂoor, the most
notable of which is the Rooiberg mountain range. The mountain ranges
and inselbergs are geologically associated with the infertile Cape
Folded Belt, whereas lowlands comprise more fertile soils derived
from Bokkeveld shale and Enon mudstones and conglomerates.
The lowland vegetationwithin the Little Karoo is dominated by Suc-
culent Karoo vegetation, comprising predominantly of leaf succulents,
mainly from the Mesembryanthemaceae, as well as drought-hardy
members of the Asteraceae (Vlok and Schutte-Vlok, 2010). Fynbos and
renosterveld are vegetation types that require more soil moisture, and
are found on the nutrient-poor summits and foothills (respectively) of
Little Karoo mountains.
B. cuneata (Thunb.) Willd. belongs to a genus of 75 species endemic
to southern and tropical Africa (Goldblatt andManning, 2000). It is a rel-
atively small perennial shrub with spiny, velvety-grey leaves. The spe-
cies has typical yellow asteraceous ﬂowers, and is insect-pollinated
(Whitehead, 1984). The bracts harden to form a tumbling ﬂowerhead
that is dispersed by wind. See Appendix A for habit and habitat photos
of this species (Figs. A.1 and A.2). This species is endemic to, but wide-
spread and common in, the Little Karoo, andwithin the region has strong
association with the Succulent Karoo vegetation (Vlok and Schutte-Vlok,
2010). It has experienced a population decline and range contractionFig. 1. A) The geographic position of the Little Karoo. The winter, year-round and summer rain
Karoo is an intermontane basin that lies between the Witteberg and Swartberg mountain
The distribution of the Succulent Karoo vegetation (hatched shading) and localities of Berkhe
Karoo vegetation of the Little Karoo.in a number of localities due to overgrazing by livestock, and the extinc-
tion of at least three local populations has been observed (JHJ Vlok,
unpublished observations). The ploidy level within this species and
across populations is unknown.
2.2. Species distribution modelling
We used an ensemble modelling approach (Araújo and New, 2007)
that addresses the uncertainties surrounding the choice of predictor
variables, algorithms and localities. The predictor variables, global
climate models, distribution models and thresholds were identical to
those used by Potts et al. (2013b). In brief, an ensemble of models was
generated using a combination of six sets of climate predictor variables,
three locality datasets (obtained via k-folding), and six different distri-
bution modelling algorithms (Bioclim, Domain, GLM, GAM, Maxent,
Random Forest — settings are given in Table 1), producing a total of
108 models (see Potts et al., 2013b for details). Each of these models
was projected onto current conditions and two downscaled global cli-
mate models (CCSM and MIROC); these climate layers are available at
www.worldclim.org (Hijmans et al., 2005). To facilitate the comparison
of outputs from different modelling algorithms (which are incompatible
at times), the ‘probability of occurrence’mapswere reclassiﬁed to binary
data (‘present’ or ‘absent’) using themaximumsensitivity plus speciﬁcity
threshold criterion (Liu et al., 2005). A mask from 32.5° S to 34.5° S and
19.5° E to 23.0° E was used to sample background data from the climate
layers; some of the modelling methods require data akin to absences
(known as background or “pseudo-absences”). These background points
were generated by sampling all cells (~3500), including cells that coin-
cided with a presence point within the mask, in order to characterise
the climate of the sub-region. Of note is that each set of climate predictor
variables consists of seven bioclimatic variables randomly selected from a
set of 19 (Table B.1); however, in order to avoidmulticollinearity –which
may affect the modelling of climate envelopes (Dormann, 2007) – a
selected variable that had an R2 N 0.7 with any previously selected
variables in a given set was replaced by another variable selected at ran-
dom but with a lower correlation (see Appendix B for details). A minor
addition from the details given in Potts et al. (2013b) is that in order to
minimise any sampling bias, localities were ﬁltered to ensure that
there was a 10 km buffer between stepwise randomly selected localitiesfall zones are shown (dark grey, light grey and white shading, respectively). B) The Little
ranges to the north and the Langeberg and Outeniqua mountain ranges to the south.
ya cuneata are shown. Berkheya cuneata is widespread in, and endemic to, the Succulent
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Locality data were obtained from either GPS coordinates of populations
visited for genetic sampling or by georeferencing locality descrip-
tions (only localities that could be georeferenced to within an esti-
mated 5 km of the actual sampling locality were used) from the
PRECIS herbarium database which is maintained by the South African
National Biodiversity Institute. Model performance was evaluated for
each combination using a standard statistical measure of predictive abil-
ity, the area under the receiver operating characteristic curve (AUC). The
AUC statistic ranges from 0.5 (model prediction is no better than
random) to 1.0 (perfect model prediction of presence versus absence).2.3. Sample collection, DNA extraction and PCR ampliﬁcation
Potential sampling sites were identiﬁed from herbarium collections,
a vegetation survey (Vlok et al., 2005) and from local expert knowledge.
Eleven other Berkheya species occur in either parapatry or sympatry
with B. cuneata. However, ﬁeld identiﬁcation was unambiguous as
numerous leaf and fruit traits distinguish B. cuneata from congeners.
Specimens from three outgroup taxa, Berkheya fruticosa (L., Ehrh.),
Berkheya spinosa (L.f., Druce) and Berkheya coriacea (Harv.), were
also sampled to determine the rooting of the chloroplast network
(Table D.1). Leaf samples were collected from 34 sites across the species
range (Fig. 1B). We used a two-stage sampling scheme for genetic anal-
yses because we had no a priori information on how to deﬁne popula-
tions (Harwood, 2009). First, only a single individual was sequenced
per sampling site (Städler et al., 2009). Second, multiple individuals
(two to ﬁve) were sequenced from a subset of samplings site to estab-
lish the signiﬁcance of observed phylogeographic breaks. Individuals
within sites were sampled more than 50 m apart. This scheme was
used so that we could ﬁrst assess the regional genetic variability and
then increase the sample size to conﬁrm major regional genetic breaks
as we had sampled all known populations east of the Rooiberg
Mountain. All samples were desiccated with silica granules.
In plants, spatial variation is affected by the range and direction of
seed and pollen dispersal (Ennos, 1994; Schaal et al., 1998). In angio-
sperms, seeds carry both cytoplasmic and nuclear genomes whereas
pollen generally only contains the nuclear genome (Reboud and Zeyl,
1994). Since seeds and pollen may have strongly contrasting dispersal
modes (e.g. wind versus insects) and provide different dispersal means
for cytoplasmic and nuclear genomes, we selected regions from
both of these genomes to provide information on seed and pollen
dispersal.Table 1
Details of settings used for model ﬁtting for species distribution modelling of Berkheya cuneata
Model class Method Reference
Proﬁle Bioclim Nix (1986)
Domain Carpenter et al. (1
Regression Generalized linear models McCullagh and Ne
Generalized additive models Hastie and Tibshir
Machine learning Random forests Breiman (2001)
Maximum entropy Phillips et al. (200
1 R Development Core Team 2011.Genomic DNA was extracted from silica-dried leaf material using a
modiﬁed version of the method speciﬁed by Gawel and Jarret (1991).
Polyvinylpyrrolidone-40 (PVP)was addedwhen grinding the leafmate-
rial in liquid nitrogen using a mortar and pestle. Two cpDNA regions
were sequenced for all samples: trnQ(UUG)-5 rps16 and psbD-trnT(GGU)
(Shaw et al., 2007). Nuclear variation was sampled for the ITS region
of the 18S-26S cistron using the primers ITS5m (Sang et al., 1995) and
ITS4 (White et al., 1990). See Appendix C for PCR ampliﬁcation and
sequencing conditions. Of note is that high-ﬁdelity Taq polymerase
was used for all PCRs of nDNA.2.4. Sequence assembly, alignment and phylogeographic analyses
Both cpDNA and nDNA sequences generated in this study were as-
sembled with CODONCODE ALIGNER v2.0.1 (Codon Code Corp, http://www.
codoncode.com) and automatically aligned using CLUSTALW (Thompson
et al., 1994). Each base-call within every sequence was assigned a qual-
ity score using the automated base-calling program PHRED (Ewing et al.,
1998) to improve the speed and accuracy of identifying DNA variations
among assembled sequences. Polymorphic sites in the nDNA dataset
were identiﬁed through the presence of dual peaks in electrophero-
grams (Brumﬁeld et al., 2003) using automated detection, through the
‘ﬁnd mutations’ option in CODONCODE ALIGNER, and by visual inspection.
Polymorphic sites were then coded using IUPAC polymorphism codes
(International Union of Pure and Applied Chemistry, http://www.
iupac.org). All scored variable characters were either nucleotide poly-
morphisms or indels that were not in simple repeats. A number of
long mononucleotide repeats in the cpDNA alignment were observed
to have length variation, but these were excluded because they were
difﬁcult to scorewith conﬁdence. As cpDNA gene regions arematernally
inherited in tandem without recombination (Reboud and Zeyl, 1994),
the two gene regions were combined for all subsequent analyses.
Statistical parsimony and neighbour-net splits graphs were used to
ascertain the genealogical relationships among cpDNA haplotypes and
nDNA sequences, respectively (Bryant and Moulton, 2004; Templeton
et al., 1992). Statistical parsimony networks were generated using the
programTCS1.2.1 (Clement et al., 2000)with default options. As the op-
tion in TCS 1.2.1 which “treats gaps as a 5th state” treats a single multi-
ple base indel as multiple single-base indels, all indels were shortened
to a single base prior to analysis. Neighbour-net (NN) splits graphs
were generated for all B. cuneata nDNA sequences using SplitsTree 4.8
(Huson and Bryant, 2006) and polymorphism p-distances (Potts et al.,
2013c); the NN splits algorithm can accommodate the intra-individual.
Settings and notes
Used R1 and function bioclim from the dismo library.
993) Used R1 and function domain from the dismo library.
lder (1989) Used R1 and function glm. Created all possible subsets
of models using the step.gam function from the gam
library with the options for each variable being: linear,
quadratic or cubic ﬁts. Used AIC to select the best model.
ani (1990) Used R1 and function gam from the mgcv library. The
smoothing parameter estimation was solved using
generalized cross validation and best models were
selected using null space penalization.
Used R1 and function randomForest from the randomForest
library to build an ensemble of classiﬁcation trees. Models
used here had 500 trees with 2 variables randomly selected
from 7 candidates at each split. No class weights.
6) Used version 3.3.3e from within R1 with themaxent function
in the dismo library. All settings were the defaults except that
the background samples were the sampled 8000 absence
points combined with presence points.
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algorithm cannot.
In order to test the monophyly of nDNA sequences of B. cuneata
within the genus, we conducted a phylogenetic analysis of these se-
quences with the readily available accessions from the Berkheya-
Cullumia clade identiﬁed by Funk and Chan (2008) usingmaximumpar-
simony analyses conducted in PAUP* version 4b10 (Swofford, 2002).
Maximum parsimony analyses were undertaken with intra-individual
site polymorphisms treated as informative characters (Potts et al.,
2013c). Heuristic searches were performed with 100 random sequence
addition replicates, tree bisection-reconnection branch swapping, and
MAXTREES set to 1000. Assessment of MP bootstrap support followed
the suggestions of Müller (2005), with 10,000 bootstrap replicates
composed of a single random sequence replicate and tree bisection-
reconnection branch swapping. Berkheya spinosissima, Didelta spinosaFig. 2.Maps showing the percentage agreement of the 108 distributionmodels of Berkheya cune
maximum sensitivity plus speciﬁcity. Locality samples used for modelling are shown using ‘×
MIROC). The 108 maps are generated using a combination three unique locality datasets, six en
Bioclim, Random Forests and Maxent; see Table 1 for details).and Didelta carnosa were treated as an outgroup clade for this analysis
following the results from Funk and Chan (2008).
3. Results
A total of 60 from 169 locality records were available for distribution
modelling afterﬁltering to the resolution of the environmental grid layers
(2.5 arc-minutes; ~4 × 4 km). The combination of three locality datasets
(20 localities each with a minimum of 10 km between localities), six cli-
mate variable datasets and six different methods produced a total of 108
species distribution models. The majority of AUC values (87%) across
these models were considered ‘good’ (N0.80; mean = 0.87, SD = 0.06,
min = 0.68, max = 0.95), following Swets (1988), indicating that
most models have high speciﬁcity (true positive rate) and sensitivity
(false positive rate) (but see Lobo et al., 2008). Comparisons betweenataunder current and Last GlacialMaximum(LGM) climate conditions using a threshold of
’. LGM conditions are generated from two downscaled global climate models (CCSM and
vironmental parameter sets and six different modelling algorithms (GLM, GAM, Domain,
405A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413the ensemble SDMof current and LGMdistributions of B. cuneata suggest
that this species suffered a severe range reductionwith an overall decline
in elevation and concomitant fragmentation (Fig. 2). Nonetheless, the
species is predicted to have persisted in both the western and eastern
Little Karoo. The LGM climates estimated by the CCSM and MIROC simu-
lations were broadly similar over the study region, with both indicating
cooler and drier conditions. However, the MIROC simulations predicted
colder temperatures than the CCSM simulations (Potts et al., 2013b).
These cooler temperatures likely explain why the hindcasted ensemble
SDM has a smaller range under the MIROC than the CCSM simulated cli-
mate. The Rooiberg represents an obstacle of unsuitable climate and soils
under present conditions splitting the species' distribution in the Little
Karoo. However, under LGM conditions and the predicted range frag-
mentation, this mountain range becomes a notable climatic barrier be-
tween the western and eastern distribution.
Our sampling for genetic analyses included 47 individuals from
34 sites across the known geographic range of B. cuneata. The
B. cuneata chloroplast dataset comprised 1234 base pairs (bp) from the
psbD-trnT(GGU) region (Genbank Accessions: GQ220831-5) and 983 bp
from the trnQ(UUG)-5 rps16 regions (Genbank Accessions: GQ220840-4)
(total 2217 bp) (Table D.2). This dataset contained 16 polymorphic
sites; 4 transitions, 6 transversions, and 5 indels (see Table D.2 for
a summary of the cpDNA sequence alignment). The GC content of the
combined cpDNA data was 30.1%.
The SP network of the cpDNA dataset revealed ﬁve haplotypes that
formed two divergent lineages within B. cuneata that are separated by
a large number of mutations (Fig. 3A). These two clades were identiﬁed
as unique genetic populations as they correspond to allopatric popula-
tions located in the western and eastern Little Karoo, separated by the
Rooiberg mountain range (Fig. 3B). Note that the chloroplast network
arrangement and sequence relationships were identical under both SP
and NN network algorithms.
The B. cuneata ITS1-5.8S-ITS2 dataset comprised 46 individuals
(AJP040 failed to sequence despite multiple attempts) and 683 base
pairs which yielded 25 variable nucleotide sites (Genbank Accessions:
KF640823-72), themajority of whichwere intra-individual site polymor-
phisms (2ISPs); no indels were detected in the dataset (see Table D.3
for a summary of the nDNA alignment). The GC content of the nDNA
data was 56.1%.Fig. 3. The genealogical relationships A) and distribution B) of haplotypes from two merged ch
mony algorithm. Black ovals indicate ‘missing’haplotypes,whilst haplotypes connected by singl
frequencies. Outgroup species included are: Berkheya fruticosa ([A] AJP434, [B] AJP435), B. coriac
analyse the ITS sequence data — see Fig. 4) produces an identical network.All alignments used for cpDNA and nDNA analyses are stored in
Dryad (http://dx.doi.org/10.5061/dryad.d18r8). Maximum parsimony
bootstrap analyses resolved high support values (100%) for monophyly
of B. cuneata ITS sequences (Appendix E) when analysed in conjunction
with those from other Berkheya species sampled in this study and or
from those obtained from the study by Funk and Chan (2008) (Figs. 4
and E.1). However, there was no supported resolution of the relation-
ships among accessions within this B. cuneata clade. In contrast, the
NN phylogenetic network of the B. cuneata accessions showed a signif-
icant non-random distribution of samples (clusters 1 and 2) that mir-
rors the west–east split observed in the cpDNA dataset (Fig. 4, Table 2;
Pearson's χ2 = 28.7, df = 1, p b 0.001; Φ = 0.79).
4. Discussion
Globally, the Pleistocene glacial–interglacial cycles often had severe
impacts on species' range dynamics and evolutionary history (Dynesius
and Jansson, 2000; Jansson and Dynesius, 2002). However, one hypoth-
esis for the outstanding richness of the ﬂora of the Cape region is that it
was climatically buffered during these cycles (Cowling et al., 2009;
Dynesius and Jansson, 2000; Hopper, 2009). This hypothesis, and the
role of topography, has remained largely untested in the GCFR in
terms of range dynamics and genetic structuring of plant species. In
this studywe utilised range-wide sampling of a species that is narrowly
distributed and endemic to the Little Karoo to generate an ensemble of
LGM distributionmodels, which are then compared to phylogeographic
patterns.
The ensemble SDM predictions under LGM conditions suggest that
the species experienced a dramatic range reduction, but managed to
persist in both the western and eastern Little Karoo drainage basins
during this and, likely, other Pleistocene glacial periods. With such
population isolation we can predict that long distance seed and pollen
dispersal between the western and eastern distributions would have
been dramatically hindered by the Rooiberg mountain range. The
large tumbling and dried ﬂowerheads are not conducive to long-
distance dispersal as they are easily trapped (JHJ Vlok, RM Cowling
and AJ Potts, Pers. Obs.). Also, the geographic distances and altitudinal
changes between western and eastern populations would impede
long distance dispersal of both ﬂowerheads and pollinators. Thisloroplast loci (trnQ(UUG)-5 rps16 and psbD-trnT(GGU)) as inferred from the statistical parsi-
e lines differ by a singlemutational difference. Areas of circles are proportional to haplotype
ea (AJP464) and B. spinosa (AJP356). Note that the NeighbourNet splits algorithm (used to
Fig. 4. (A)One of themost parsimonious trees based on ITS sequence data (nDNA) for theBerkheya-Cullumia clade (Funk and Chan, 2008) including theBerkheya cuneata samples from this
study. Bootstrap support is shown using branchwidth and colour. See the supplementary material for a more detailed ﬁgure (Fig. E.1). (B) The NeighbourNet splits phylogenetic network
of Berkheya cuneata based on ITS sequence data (nDNA). Genetic distances are calculated using polymorphism p-distances. Samples west and east of the RooibergMountain are shown. A
primary edge bundle that separates the majority of eastern samples from western samples is highlighted (see arrow; grey dashed edges).
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Little Karoo is mirrored in the phylogeographic patterns observed in
the genetic data. The chloroplast haplotypes are highly structured into
two genetic populations (Fig. 3), and this is reﬂected in the nuclear
data as signiﬁcant clustering in the splits graph (Fig. 4). The genetic
data contain two idiosyncrasies that warrant further discussion.
The ﬁrst relates to the degree of sequence divergence between the
cpDNA B. cuneata phylogeographic clusters. Only ﬁve haplotypes were
detected from the cpDNA dataset. This low diversity of chloroplast
haplotypes from sequence data is not unusual, and has been observed
in other studies (e.g. Cloutier et al., 2005; Comes and Abbott, 2001;
Schonswetter et al., 2006). This is an acknowledged problem in plant
phylogeography due to the slow rate ofmutation and low effective pop-
ulation size (in comparison to the nuclear genome) of the chloroplast
genome (Schaal et al., 1998). Despite this, the cpDNA data reveal an
unusually high degree of sequence divergence between the haplotype
clusters found in western and eastern Little Karoo; for example, other
members of this genus are more genetically similar to one another
and the eastern phylogeographic cluster than the eastern and western
clusters are to each other (Fig. 3b). The chloroplast sequences lack suf-
ﬁcient signal to support or oppose monophyly of B. cuneata; the mono-
phylywould be challenged if the other Berkheya accessionswere nested
within, or formed clades with, the B. cuneata clusters. The star phyloge-
ny of the haplotype network means that no relationships between the
B. cuneata clusters and other species can be inferred. However, it isTable 2
Comparison of Berkheya cuneata accessions assigned to chloroplast DNA haplogroups and
nuclear DNA clusters. The haplogroups and clusters are strongly (Φ = 0.79) and signiﬁ-
cantly (Pearson's χ2 = 28.7, df = 1, p b 0.001) associated.
nDNA clusters
cpDNA haplogroups 1 2
A–C1 25 0
D–E1 4 17
1 Haplotypes A–C are restricted to the western Little Karoo whereas D–E are restricted
to the eastern Little Karoo.unlikely that these clusters represent different species as the nuclear
data strongly supports the monophyly of all B. cuneata samples; the
dual peaks observed in the ITS electropherograms are most likely due
to incomplete lineage sorting and not hybridisation (hybridisation
would have lowered the bootstrap support; Potts et al., 2013c) and
the interspecies genetic distances far outweigh the fairly low intraspe-
ciﬁc distances within B. cuneata (Fig. 4, Table D.3). Therefore, this re-
markable sequence divergence between regional populations could be
caused by i) genetic drift during exceptionally long-term cessation of
seed ﬂow or during periods of very small population sizes, ii) lineage
sorting of divergent ancestral haplotypes during isolation, or iii) intro-
gression and subsequent ﬁxation of a chloroplast genome from another
species into oneof the regional populations (i.e. chloroplast capture). In-
trogression results in a blurring of species history in the genetic record.
However, even if one of these populations has captured a chloroplast
from another, as yet unidentiﬁed, Berkheya species, the fact that the
two regions share no cpDNA haplotypes still suggests long term cessa-
tion of seed ﬂow between them since any possible capture and ﬁxation
event. Thus, we consider this phylogeographic pattern a result of isola-
tion in terms of seedﬂowbetween thewestern and eastern Little Karoo.
The second idiosyncrasy relates to the genetic diversity of the
B. cuneata nDNA. The nDNA dataset has a higher sequence diversity
and a less pronounced, but still signiﬁcant, phylogeographic structure
in comparison to the haploid chloroplast dataset (Figs. 3 and 4). This,
however, is expected given the different effective population sizes
between cytoplasmic and nuclear genomes (McCauley, 1995; Moore,
1995). Nuclear genes have a larger effective population size and
hence, under a neutral model of evolution, the rate of lineage sorting
occurs more slowly than in the chloroplast genome. Despite this, there
is signiﬁcant clustering of the eastern samples which supports the pop-
ulation differentiation observed in the cpDNAdata (Fig. B.1). Theoretical
models of genetic divergence suggest that one immigrant per genera-
tion is considered sufﬁcient to prevent differentiation between popula-
tions (Ellstrand and Elam, 1993; Slatkin, 1987). Thus, the observed
phylogeographic patterns can be attributed to very low to absent levels
of pollen ﬂow and a lack of seed ﬂow across the barrier between the
western and eastern Little Karoo.
Unique cpDNA lineages and nDNA clusters, along with similar
patterns of nucleotide diversity, suggests that these populations have
407A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413persisted in thewestern and eastern Little Karoo for a substantial evolu-
tionarily period. As the chloroplast sequences lack sufﬁcient genetic
variation for more advance molecular dating approaches (e.g. using
the coalescent isolation-with-migration model; Won and Hey, 2005)
we utilise a simple clock-based approach (Sarich and Wilson, 1973)
with a wide range of biologically plausible mutation rates for cpDNA
(0.024%/Myr to 0.116%/Myr, Zhang and Hewitt, 2003). This provides
divergence estimates between the western and eastern B. cuneata pop-
ulations that range from 87291 ± 30208 to 18060 ± 6250. Such dates
can be treated as rough estimates of maximum and minimum diver-
gence times (assuming that chloroplast capture has not occurred).
Thus, these largely overlap and support a Pleistocene divergence
between these populations. These dates rule out the possibility that
the vicariance of western and eastern populations was related to the
moderate uplift events that occurred throughout the Cape Fold Moun-
tains during the Miocene (Cowling et al., 2009).
The general pattern of range contraction and fragmentation of
lowland vegetation into drainage basins along the southern coastal low-
lands, as observed in B. cuneata into the western and eastern sub-basins
of theGouritz basin, has been observed in other studies. The Albany Sub-
tropical Thicket biome which occurs in the lowlands of the Little Karoo,
but is centred to the east of this region, is predicted to have dramatically
contracted and fragmented into drainage basins during the Last Glacial
Maximum (Potts et al., 2013b) and two tree species, Pappea capensis
and Nymania capensis, display similar phylogeographic patterns of
chloroplast DNA populations isolated within primary drainage basins
along the coastal lowlands (Potts et al., 2013a). A cicada species that is
a near endemic to the Little Karoo, Platypleura breedeﬂumensis, also
shows genetic structuring with haplotypes restricted to Gouritz sub-
basins (Price et al., 2010). This pattern likely reﬂects tracking of lowland
host plant species that also experienced range reductions and fragmen-
tations, but not local extinctions, within sub-basins during the Pleisto-
cene climate cycles.
The Little Karoo contains over 2000 plant species occurring in
23,000 km2 (van Wyk and Smith, 2001; Vlok et al., 2005; Vlok and
Schutte-Vlok, 2010), which is lower than the density of plant species
found in the strong winter-rainfall region in the west (Cowling and
Lombard, 2002). Nonetheless, this region remains a succulent biodiver-
sity hotspot as it has higher species richness than other semi-aridFig. A.1. Berkheya cuneata has succulent spiny leaves and yellow asteraceous ﬂoweregions across the globe (Cowling et al., 1998) with most of the species,
including B. cuneata, associated with the Succulent Karoo biome
(Fig. A.2) (van Wyk and Smith, 2001; Vlok and Schutte-Vlok, 2010).
The ensemble SDMs of the LGM and the phylogeographic patterns
show that the Pleistocene climatic cycling has played an important
role in fragmenting populations and strengthening topographic barriers
during glacial periods for B. cuneata and has been responsible for driving
population divergence. This scenario of restricted gene ﬂow over moun-
tains coupledwith ‘mild’ climatic shifts (in terms of local extinctions) on
such a ﬁne scale (~100 km) during the Pleistocene is in stark contrast to
the Northern hemisphere where range dynamics were largely of a
broad/regional scale (~1000s of km; e.g. Hewitt, 2000; Soltis et al.,
2006; Taberlet et al., 1998). Thus, the climate stability and resultant
decline in the extinction rate (fewer local extinctions) are likely to
have been prominent drivers of the observed biodiversity richness in
the lowlands of the Little Karoo.Authors contributions
AJP designed the study, conducted the ﬁeldwork, carried out the
molecular genetic studies and analyses, drafted the manuscript and
submitted the sequences to GenBank. TAH and RMC conceived the
project, and directed its design and coordination. JHJV participated
in the design of the study and in the ﬁeldwork. All authors
commented on the drafted manuscript and have read and approved
the ﬁnal version.Acknowledgements
The ﬁnancial assistance of the South African National Research
Foundation (NRF), University of Cape Town (UCT), andDarwin Initiative
(DI) in support of this research is gratefully acknowledged. Opinions
expressed and conclusions arrived at, are those of the authors and are
not necessarily to be attributed to the NRF, UCT or DI. Per Ola Karis
and Nicola Bergh provided the material for the outgroup Berkheya spe-
cies. Nicola Bergh provided comments that greatly improved an early
version of this manuscript.Appendix A. Habit and habitat photographs of Berkheya cuneatars. The bracts harden to form a tumbling ﬂowerhead that is dispersed by wind.
Fig. A.2. Berkheya cuneata is a low growing shrub that is strongly associated with the Succulent Karoo biome, but is also found growing in biome mosaics as seen here
(Succulent Karoo/Albany Thicket).
408 A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413Appendix B. The description, clustering and selection of the Bioclim variablesTable B.1
Variable description, clustering and selection of the 19 Bioclim variables (Busby 1991). The selected variables were used for species distribution modelling of the impacts of past
climates on the distribution Berkheya cuneatawithin the Little Karoo, Western Cape. See Fig. SB.2 for the hierarchical clustering of variables.
Climate variable set
Climate variables BIOCLIM code 1 2 3 4 5 6
Cluster 1
Annual precipitation (mm) BIO12 X X
Precipitation in the warmest quarter (mm) BIO18 X
Precipitation in the wettest month (mm) BIO13 X X
Precipitation in the wettest quarter (mm) BIO16 X
Cluster 2
Precipitation in the coldest quarter (mm) BIO19 X X
Precipitation in the driest month (mm) BIO14 X X
Precipitation in the driest quarter (mm) BIO17 X
Cluster 3
Mean diurnal range (mean of monthly maximum temperature minus minimum temperature) BIO02 X
Temperature seasonality (standard deviation of annual mean temperature × 100) BIO04 X X X
Temperature annual range BIO07 X X
Cluster 4
Minimum temperature of the coldest month (°C) BIO06 X X X
Mean temperature of the coldest quarter (°C) BIO11 X X
Unclustered
Maximum temperature of the warmest month (°C) BIO05 X X X
Mean temperature of the wettest quarter (°C) BIO08 X X
Precipitation seasonality (standard deviation of monthly precipitation values) BIO15 X X X X
Annual mean temperature BIO01 X X X X X
Mean temperature in the warmest quarter (°C) BIO10 X X
Mean temperature in the driest quarter (°C) BIO09 X X
Isothermality BIO03 X X
Fig. B.1. Hierarchical clustering of the 19 climate variables using a dissimilarity dendrogram. Clusters shown in grey boxes are highly intercorrelated (r2 N 0.7). Variable descriptions and
codes are shown in Table S2.1.
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The cpDNA target regions were PCR-ampliﬁed from gross cellular
DNA extracts in volumes of 36 μl containing 1.2 μl of template DNA,
3.6 μl of 10× KAPATaq polymerase reaction buffer (Kapa Biosystems,
Boston, Massachusetts, United States), 0.72 μl MgCl2 (50 mM), 1.2 μl
of eachprimer (10 μM), 1.44 μl of dNTPs (10 mM), 0.24 μl Taq polymer-
ase and sterile H2O up to 36 μl. PCRs were conducted with an initial
2 minute (min) denaturing step at 94°C followed by 28 cycles of
94°C for 1 min, 50°C for 30 seconds (s), and 72°C for 1 min; this was
followed by a ﬁnal extension of 6 min at 72°C.
Nuclear variation was sampled for the ITS-1, 5.8S and ITS-2 region
using the primers ITS5m (Sang et al., 1995) and ITS4 (White et al.,Appendix D. Summary tables of the Berkheya cuneata chloroplast and n
Table D.1
Source of sequence data and Genbank Accession numbers. All herbarium samples are sto
trnQ(UUG)-5´rps16 and psbD-trnT(GGU).
Political subdivision Species Collection number Date
WC Berkheya cuneata AJP-040 1-Jun-07
WC AJP-048 1-Jun-07
WC AJP-052 20-Mar-07
WC AJP-056 17-Mar-07
WC AJP-088 3-Jun-07
WC AJP-095 3-Jun-07
WC AJP-100 3-Jun-07
WC AJP-102 3-Jun-07
WC AJP-115 3-Jun-07
WC AJP-125 3-Jun-07
WC AJP-142 3-Jun-07
WC AJP-161 3-Jun-07
WC AJP-203 3-Jun-07
WC AJP-222 20-Mar-07
WC AJP-225 4-Jun-07
WC AJP-226 4-Jun-07
WC AJP-227 4-Jun-07
WC AJP-235 4-Jun-071990). PCR reactions were performed in 25 μl, with 5 μl 1× KAPA HiFi
Buffer, 0.75 mM dNTPs, 0.75 mM forward primer, 0.75 mM reverse
primer, 0.4 μl of the proofreading KAPA HiFi DNA polymerase (2
Units) and 1.2 μl template DNA (~1–5 ng). PCR was conducted using
the following conditions: initial denaturation and polymerase activation
at 98°C for 20 s followed by 30 cycles of 94°C for 45 s, 58°C for 30 s,
and 72°C for 30 s; this was followed by a ﬁnal extension at 72°C for
1 min.
All PCRs were performed on a GeneAmp 2700 PCR System (Applied
Biosystems, USA). PCR products were cleaned and sequenced by either
Macrogen (Korea) or University of Stellenbosch Sequencing Facility.
All PCR products were sequenced in both directions to verify base
calling.uclear DNA sequence alignments and collection details
red at the Bolus Herbarium (BOL), University of Cape Town. Chloroplast regions are
South East Herb ITS trnQ psbD
−33.7060 20.9689 A 1
−33.6158 21.0969 KF640823 B 2
−33.5346 21.2544 Yes KF640824 B 2
−33.5251 21.3247 Yes KF640825 B 2
−33.5041 21.0679 KF640826 B 2
−33.5044 21.0498 KF640827 B 2
−33.4858 20.9775 KF640828 B 2
−33.4807 20.9173 KF640829 B 2
−33.4612 20.8999 KF640830 B 2
−33.5425 20.7478 KF640831 B 2
−33.5800 20.6288 KF640832 A 1
−33.6497 20.5997 KF640833 C 3
−33.7144 20.7542 KF640834 B 2
−33.7497 20.8469 Yes KF640835 B 2
−33.6198 22.4072 KF640836 D 4
−33.6198 22.4072 KF640837 D 4
−33.6198 22.4072 KF640838 D 4
−33.6198 22.4072 KF640839 D 4
(continued on next page)
Table D.1 (continued)
Political subdivision Species Collection number Date South East Herb ITS trnQ psbD
WC AJP-308 1-Sep-07 −33.6909 22.2692 Yes KF640840 D 4
WC AJP-309 1-Sep-07 −33.6909 22.2692 KF640841 D 4
WC AJP-310 1-Sep-07 −33.6909 22.2692 KF640842 D 4
WC AJP-311 1-Sep-07 −33.6909 22.2692 KF640843 D 4
WC AJP-313 1-Sep-07 −33.6740 22.2431 KF640844 D 4
WC AJP-314 1-Sep-07 −33.6740 22.2431 KF640845 D 4
WC AJP-315 1-Sep-07 −33.6740 22.2431 KF640846 D 4
WC AJP-320 1-Sep-07 −33.6463 22.1945 Yes KF640847 D 4
WC AJP-321 1-Sep-07 −33.6526 22.1808 KF640848 D 4
WC AJP-322 1-Sep-07 −33.6526 22.1808 Yes KF640849 D 4
WC AJP-323 1-Sep-07 −33.6526 22.1808 KF640850 D 4
WC AJP-326 1-Sep-07 −33.6563 22.1602 Yes KF640851 D 4
WC AJP-328 1-Sep-07 −33.7207 22.1165 KF640852 D 4
WC AJP-332 1-Sep-07 −33.7194 22.1579 KF640853 D 4
WC AJP-344 1-Sep-07 −33.6361 21.6890 Yes KF640854 E 5
WC AJP-345 1-Sep-07 −33.6361 21.6890 KF640855 E 5
WC AJP-360 3-Sep-07 −33.7247 21.6390 Yes KF640869 B 2
WC AJP-362 3-Sep-07 −33.7373 21.5970 Yes KF640856 B 2
WC AJP-372 3-Sep-07 −33.8940 21.4643 Yes KF640857 B 2
WC AJP-379 3-Sep-07 −33.9181 21.3183 Yes KF640858 B 2
WC AJP-381 3-Sep-07 −33.8934 21.2116 Yes KF640859 B 2
WC AJP-393 3-Sep-07 −33.8464 20.8862 Yes KF640860 B 2
WC AJP-404 1-Aug-07 −33.7199 22.1170 KF640861 D 4
WC AJP-405 1-Aug-07 −33.7199 22.1170 KF640862 D 4
WC AJP-406 1-Aug-07 −33.7199 22.1170 KF640863 D 4
WC AJP-408 1-Aug-07 −33.7926 21.8309 KF640864 B 2
WC AJP-423 2-Sep-07 −33.4835 20.5052 Yes KF640865 A 1
WC AJP-428 2-Sep-07 −33.5156 20.3966 Yes KF640866 B 2
WC AJP-431 1-Aug-07 −33.5041 20.3441 KF640867 B 2
WC Berkheya spinosa AJP-356 2-Sep-07 −33.4764 20.5296 Yes KF640868 GQ220847 GQ220838
NC Berkheya fruticosa AJP-434 11-Sep-07 −29.7900 17.7974 KF640870 GQ220845 GQ220836
NC Berkheya fruticosa AJP-435 1-Sep-07 −28.8012 17.2037 KF640871 GQ220846 GQ220837
WC Berkheya coriacea AJP-464 1-Feb-08 −34.4777 20.5108 Yes KF640872 GQ220848 GQ220839
410 A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413Table D.2
Summary table of the chloroplast DNA sequence alignment of two gene regions (psbD-trnT(GGU
(T— transition, V — transversions, I — indel). The sample identity and the regional population
psbD-trnT(GGU)
0 0 0 0
0 2 2 3
4 1 6 8
Haplotype Sample ID Region 6 3 1 7
A 040;100;115;142 W T – G T
B 048; 052; 056; 088;
095; 102; 125; 203;
222; 360; 362; 372;
379; 381; 393; 408;
423; 428; 431
W T – G T
C 161 W T – G T
D 225; 226; 227; 235;
308; 309; 310; 311;
313; 314; 315; 320;
321; 322; 323; 326;
328; 332; 404; 405;
406
E C * T C
E 344; 345 E C * T C
* — ATCAA; # — ATAGATAATAAA; ! — TTTAATATTTT; $ — TTTA.) and trnQ(UUG)-5 rps16) from Berkheya cuneata. The different mutation types are indicated
(W — west of the Rooiberg, E — east of the Rooiberg) are included.
trnQ(UUG)-5′rps16
0 0 0 1 1 1 1 1 2 2 2
7 7 9 1 2 4 4 7 0 0 0
2 8 9 7 9 2 6 8 2 2 4
9 9 9 1 8 5 8 4 1 8 6
G A C – – C C – $ C G
G A C T – C C – $ C G
G A C T – C C ! $ C G
C C G T # T A – – C A
C C G T # T A – – T A
Table D.3
Summary table of the nuclear DNA sequence alignment of ITS from Berkheya cuneata. Clusters are those found in Fig. 4. The regional population (W—west of the Rooiberg, E— east of the
Rooiberg) and sample identity are included.
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Fig. E.1. One of the most parsimonious trees on ITS sequences of the Berkheya-Cullumia-
Appendix E. Maximum parsimony tree of Berkheya
412 A.J. Potts et al. / South African Journal of Botany 88 (2013) 401–413Heterorhachis clade (all labelled samples from Funk and Chan (2008) excluding AJP356,
AJP434, AJP435 and AJP464) and the Berkheya cuneata accessions used in this study
(symbols). Bootstrap values greater than 75% are shown, respectively.References
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